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(57) Abstract: A method for converting fuel energy to electricity includes the steps of converting a higher molecular weight gas 
into at least one lower molecular weight gas, supplying at least one of the lower molecular weight gases to at least one turbine (120) 
to produce electricity and electrochemically oxidizing at least one of the lower molecular weight gases in fuel cells (110, 111). A 
system for converting fuel energy to electricity includes a reformer (102) for converting a higher molecular weight gas into at least 
one lower molecular weight gas, at least one turbine (120) to produce electricity from expansion of at least one of the lower molecular 
weight gases, and at least one fuel cell (110, 111). The system can further include at least one separation device for substantially 
dividing the lower molecular weight gases into at least two gas streams prior to the electromechanical oxidation step. A nuclear 
reactor (124) can be used to supply at least a portion of the heat the required for the chemical conversion process. 
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FOSSIL FUEL COMBINED CYCLE POWER SYSTEM 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

The United States Government has rights in this invention pursuant to Contract No. 

DE-AC05-00OR22725 between the United States Department of Energy and UT-BatteUe, 

LLC. 

Field of the Invention 

This invention relates generally to a high efficiency fuel cell/gas turbine combined 
power generation system and a method of operating such a system. 

Background of the Invention : 

New power systems operating on fossil fuels have been under development for 
several years. These systems are designed to increase efficiency (fuel energy conversion tbi, 
electricity) and to reduce harmful emissions (N0 X , CO, CO2) to the environment 
Cogeneration and combined cycle system approaches can increase the efficiency by more 
than 20% compared to conventional power systems. 

Several cogeneration and combined-cycle power systems of various configurations 
have been proposed that have the potential for achieving relatively high efficiencies. 
However, these systems depend on obtaining solutions to certain technical problems related 
to the concept. For example, these systems do not minimize harmful pollutants or maximize 
thermodynamic efficiency because they do not provide for recovery of synthesis from C0 2 , 
and do not use fuel that passes through the fuel cells unreacted and do not efficiently use 
"waste heat 1 ' generated be the fuel cell stack. 

-1- 
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Regarding thennodynamic inefficiency, the waste heat energy generated by fuel cells 
in these systems is used to drive closed water or open air power cycles. Closed water or open 
air power cycles can be thermodynamically modeled as reversible heat cycles, if losses such 
as frictional losses are ignored. For a reversible heat cycle which operates between two 
temperatures, maximum TH and minimum TC, the maximum cycle efficiency (e) is limited 
by the Caruot relation/equation e=l-(TC/TH), where both temperatures are expressed in 
units of Kelvin. 

Thus, the maximum theoretical efficiency of a closed water or open air power cycle is 
maximized when the cold reservoir is held as cold as possible, and the hot reservoir is held as 
hot as possible. Consequently, since the range of attainable practical high and low 
temperatures are limited, the maximum possible efficiency derivable from these reversible 
heat cycles are lower than the Carnot limit. As a result, practical efficiencies of these closed 
water or open air cycles cannot be higher than approximately 30 to 35%. Thus, the total y 
efficiency of the o verall process of energy conversion to electricity for an entire combined 
cycle cannot exceed approximately 55 to 60%. To further maximize efficiency of combined 
cycle power systems which use fuel cells, a new combined cycle system is needed. 

SUMMARY OF INVENTION 

A method for converting fuel energy to electricity includes the steps of converting 
a higher molecular weight gas into at least one lower molecular weight gas and supplying at 
least one of the lower molecular weight gases to at least one turbine to produce electricity. 
At least one of the lower molecular weight gases is then electrochemically oxidized in fuel 
cells adapted to produce electricity from the lower molecular weight gases. The method can 
further include the step of substantially dividing the lower molecular weight gases into at 
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least two gas streams prior to the oxidizing step. 

Separation devices can be used for the dividing step, preferably carbon fiber 
composite molecular sieves (CFCMS) or inorganic membranes. Each of the lower molecular 
weight gases can be electrochemically oxidized in the fuel cells. The fuel cells can be solid 
oxide fuel cells (SOFC). The method can further include the step of directing at least a 
portion of the heat generated by the fuel cells for use in the conversion step. 

A method for converting fuel energy to electricity includes the steps of providing a 
synthesis gas having a plurality of chemical components, substantially dividing the synthesis 
gas into at least two gas streams and supplying at least one gas stream to a fuel cell to 
produce electricity. The method can further include the step of driving at least one turbine 
with at least one of the gas streams. The step of providing synthesis gas can include a 
reforming step. In a preferred embodiment, a gas principally containing methane (e.g natural .. . 
gas) is reformed in the reformnig step, producing CO and H 2 . 

: ; ; ^Separation devices can be used for the dividing step. The separation devices can be 
carbon fiber composite molecular sieves (CFCMS) or inorganic membranes. The method 
can include the step of directing at least a portion of heat generated by the at least one fuel 
cell to a reformer. 

The synthesis gas can include CO and H 2 , wherein CO can be substantially supplied 
to a fuel cell adapted to electrochemically oxidize CO, and H 2 can be substantially supplied 
to a fuel cell adapted to electrochemically oxidize H 2 . Preferably, the CO fuel cell and the 
H 2 fuel cell are each solid oxide fuel cells. Carbon dioxide output by the CO fuel cell can be 
used to produce additional energy. The additional energy can be produced by using the C0 2 
to drive a turbine. Output streams from at least one fuel cell can also be supplied to a 



WO 02/078109 PCT/US02/08313 

combustion chamber for oxidation of fuel which may not have been fully oxidized 
electrochemically in the fuel cells. 

Air supplied to the fuel cells can be first supplied to the CO fuel cell and then to the 
H 2 fuel cell. The method can further include the step of supplying air to a device for 
providing oxygen enriched air to the fuel cells. The step of providing a synthesis gas can 
include reforming a hydrocarbon containing gas. The hydrocarbon containing gas can 
preferably be methane or natural gas. The hydrocarbon containing gas can be supplied to a 
reformer at a pressure of at least approximately 8 atmospheres. In the preferred embodiment, 
the hydrocarbon pressure supplied to the reformer is approximately at least 40 atmospheres, 
which corresponds to the gas pressure in a typical gas main. In an alternate embodiment of 
the invention, a portion of the output from at least one fuel cell is directed to a gas turbine. 

' -- : Avsystem-for cofiv&tihgiiiiet^nafgy tp-'eiectricityriricludes a reforiier;for cbnV^rti^^a ' 
i higher molecular weight gas into at least one lower molecular weight gas, at least tine turtine^ - t>q ' 
| of at least on<? of the lower molecular wei^t gajses,iand X( , kJ;^\ : 

at least one fUel cell for electrochemically oxidizing at least one of the lower molecular ' 
weight gases to produce electricity. The system can further include at least one separation 
device for substantially dividing the lower molecular weight gases into at least two gas 
streams prior to the electrochemical oxidization step. The separation devices can be carbon 
fiber composite molecular sieves (CFCMS) or inorganic membranes. 

Each of the lower molecular weight gases can be electrochemically oxidized in fuel 
cells. The fuel cells can be solid oxide fuel cells. The fuel cell may be a single fuel cell or 
multiple fuel cells in series (staged fuel cells). The system can further include a structure for 
directing at least a portion of heat generated by the fuel cells to a reformer. 

A system for converting fuel energy to electricity includes a device for providing fuel 
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having a plurality of chemical components, a separator device for substantially dividing the 
fuel into at least two gas streams and at least one fuel cell adapted for electrochemically 
oxidizing the gas streams. The system can further include at least one turbine, where 
expansion of the fuel is used to drive the turbine. The device for providing fuel to the system 
can be a reformer. 

The reformer can reform a gas principally containing methane to produce CO and H 2 . 
The separator device can be a carbon fiber composite molecular sieve (CFCMS) or an 
inorganic membrane. A portion of the heat generated by the at least one fuel cell can be 
directed to the reformer. 

In a preferred embodiment of the invention, the foel mixture includes CO and H 2 . 
The CO can be substantially supplied to a fuel cell adapted to electrochemically oxidize CO, 
and H 2 cah be; substantially supplied to ; a fuel-cell adapted to electrochemically oxidize H^c 
The GO and Hi fuel cells can be solid oxide foel eells. Carbon ^ dioxide output by the CO fuel 
cell can be used to produce additional energy; preferably tobu^ ijse of a turbine. : . ? ":o& 

The system can further include a combustion chamber, wherein output streams from 
at least one fuel cell can be supplied to the combustion chamber for oxidation of fuel which 
may not have been fully oxidized Air is supplied to the fuel cells can be first being supplied 
to the CO fuel cell and then to the H 2 fuel cell. The system can include a device for 
providing oxygen enriched air prior to delivery to the fuel cells. 

When the system includes a reformer, the reformer can be used to convert a 
hydrocarbon containing gas to fuel which can be separated and electrochemically oxidized. 
The hydrocarbon containing gas can preferably be selected from a mixture principally being 
methane gas or natural gas. The natural gas is preferably supplied to the reformer at a 
pressure of at least approximately 8 atmospheres. More preferably, the natural gas pressure 
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is supplied to the reformer from a gas main with pressure of at least 40 atmospheres, which 

allows for efficient use of the pressure in a gas main to obtain additional energy in the 
system. 



BRIEF DESCRIPTION OF THE DRAWINGS 

A fuller understanding of the present invention and the features and benefits thereof 
will be accomplished upon review of the following detailed description together with the 
accompanying drawings, in which: 

Fig. 1 illustrates a schematic of a basic combined power system configuration in 
accordance with an embodiment of the invention. 

Fig. 2 illustrates a schematic of a modified combined power system configuration in 
accordance with . an embodnnent of the invention. , f 

. ? Fig. 3 illustrates a schematic of a modified combined power system configuration in 
accordance with another embodiment of the invention. 

Fig. 4 illustrates a schematic of a modified combined power system configuration in 
accordance with yet another embodiment of the invention. 

Fig. 5 illustrates a schematic of a modified combined power system configuration in 
accordance with yet another embodiment of the invention. 

Fig. 6 illustrates a schematic of a modified combined power system configuration in 
accordance with yet another embodiment of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

An apparatus and method for producing a high efficiency electrical power output 
combines fuel cells and gas turbines. The invention can increase the utilization efficiency of 
fuels, such as natural gas, in the process of fuel energy conversion to electricity by 
approximately 20 to 30% compared with existing power systems to approximately 80 to 
85%. In addition, the invention produces substantially fewer environmentally harmful 
emissions compared to other power systems, generating up to approximately three times less 
harmful emissions compared to existing power systems. Another advantage of the invention 
is the production of significant quantities of drinking water. 

The apparatus and diagram showing the basic configuration of an embodiment of the 
invention is shown in Fig. 1. Although specific chemicals, operating conditions and system 
interconnections are shown therein, the invention is in no way limited to the specific ,us 
chemicals, operating conditions and system interconnections which are shown in Fig. 1: U) 

Combined power systerii 1 00 includes a fiiel source 101 , such as methane or natural 
gas, which enters the reformer 102 at a pressure above ambient pressure. As used herein, 
natural gas refers to a mixture of gases that principally includes methane together with 
varying quantities of ethane, propane, butane, and other gases. Preferably, the fuel source 
pressure provided is at least 40 atmospheres, which corresponds to the pressure in a typical 
gas main. The pressurized fuel is preferably fed to the reformer 102 through a heat 
exchanger 103 to heat the fuel prior to delivery to reformer 102. Similarly, steam is 
preferably fed to reformer 102 by passing water through one or more heat exchangers, such 
as 104 and 105. Heat exchanger 104 is preferably used for heating water while heat 
exchanger 105 is preferably used for turning the water heated by heat exchanger 104 into 
steam. Given their differing purposes, heat exchangers 104 and 105 will preferably each 
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feature designs appropriate for their specific purposes. 

In the case of methane fuel, the reforming process results in the formation of a 
synthesis gas having CO and H 2 : 

CH4 + H 2 0 = CO + 3H 2 

Hot synthesis gas can also be produced by natural gas reforming, partial oxidation, or 
alternatively by coal gasification or supplied from an external source. As used herein, 
synthesis gas is a mixture of gases which can be used as a feedstock for a chemical reaction. 
For example, carbon monoxide and hydrogen to make hydrocarbons or organic chemicals, or 
hydrogen and nitrogen to make ammonia are considered synthesis gases. 

However, appropriate fuel for use in system 100 includes generally any gas which can 
be converted (e.g. reformed) into one or more lower molecular weight components, at least 
one of the lower molecular weight components being electrochemically oxidizable. iK 
Hereinafter, the term "synthesis gas" will refer to one or more lower molecular weight : ; c 
components derived from a higher molecular weight compound, provided at least one of fli^ 
lower molecular weight components is capable of being electrochemically oxidized. 
Although specific examples and system descriptions to follow refer to a synthesis gas which 
contains H 2 and CO and appropriate apparatus to efficiently process these gases, the 
invention is in no way limited to use of H 2 and CO and the associated apparatus shown and 
described herein. 

Synthesis gas output from reformer 102 is directed to turbine 120 , preferably at a 
pressure of at least 40 atmospheres, which corresponds to the pressure in a typical gas main 
and at high temperature (e.g. 1000 to 1 100° K), where it can be expanded to produce 
electricity. Alternatively, synthesis gas can be supplied externally, removing the need for 
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reformer 102. In any event, an air compressor 106 and an electric generator 107 may also be 
driven by the energy produced by the expansion of the synthesis gas. 

The thermodynamic efficiency of the turbine expansion process is increased 
compared to prior systems in at least two ways. The use of a working fluid or working fluid 
mixture having a high specific volume (such as CO and to power turbine 120 results in 
an increased power density and energy conversion efficiency for the overall power system 
compared to systems which use lower specific volume working fluids, such as conventional 
combustion products (e.g. C0 2 and air). The relationship between turbine work and a 
working fluid's specific volume is the following: 

™=V or 

dP LP °* . 

where AH is the change of enthalpy in the turbine which is equivalent to the work produced; - 
AP is Hie change of pressure in the turbine and is the average specific volume of the [ 
working fluid in the turbine. Based on the above relation, assuming the same change in 
pressure (AP), the work produced by the turbine from expansion of the working fluid is 
proportional to the average specific volume of the working fluid. Thus, more work can be 
produced by turbine expansion through use of higher average specific volume working 
fluids. 

In a preferred embodiment of the invention, the working fluid supplied to turbine 120 
is synthesis gas comprising CO and H 2 . Its specific volume (equal to its volume divided by 
its mass) is approximately two times greater than that of steam and three times greater than 
that of air, all other conditions being equal. Thus, assuming the same rate of expansion in 
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turbine 120, the specific power (power/mass) generated by the expansion of the synthesis gas 
is approximately two and three times greater, respectively, compared to turbines which use 
steam or air as the working fluid. High specific power densities produced by the invention 
permit turbine 120 to have lighter weight and smaller dimensions. As a result, the use of 
synthesis gas for turbine expansion provides lower overall system cost compared to other 
power systems. In addition, the use synthesis gas as the working fluid for turbine expansion 
largely avoids the inherent thermodynamic efficiency limitations imposed by the Carnot * 
principle on conventional power systems which use cyclic processes because the synthesis 
gas used by system 100 goes to the turbine 120 at an elevated pressure (e.g. the pressure of a 
typical gas main) and is subsequently reacted electrochemically. 

After expansion in the turbine 120, hot, reduced-pressure synthesis gas can be 
directed to heat exchangers, such as 104 and 105, where the hot synthesis gas can release ; ; ^ 
heat The heatreleased can be used to produce steam. Cooled synthesis, gas can then be r r r 
directed to separation device 115 for substantially splitting die synthesis gas (e.g;il 2 atid CO) 
>J substantially into its component flow streams. For example, in the case of methahe supplied,: 
to a reformer, separation device 115 allows separation of the mixed CO and H 2 gas stream 
substantially into its components, CO andH 2 . Preferably, gas separation device 115 is an 
inorganic membrane type separator and/or a carbon fiber composite molecular sieve 
(CFCMS). CFCMSs feature two-mode operation, having distinct adsorption and desorption 
cycles. Accordingly, in the embodiment of the invention which uses CFCMSs, system 100 
utilizes at least two (2) CFCMSs connected in parallel, and phased appropriately to support a 
continuous output. 

The degree of component separation attainable from a given separation device 115 
depends on the separator design characteristics, flow thermodynamic parameters and gas 
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occupation time. For example, a system such as system 100 shown in Fig. 1 having CFCMS 
membrane separators separates H 2 and CO under a pressure drop of approximately 6 atm. 
Under these conditions, the resulting separation isolates approximately 80-85% of all H 2 
from the mixed synthesis gas stream using a CFCMS separator of appropriate dimensions. 

Incomplete H 2 separation does not significantly influence the efficiency of system 
100. Hydrogen left in mixture with the CO after separation is provided to the CO fuel cell 
110 where it can be oxidized electro-chemically together with CO to produce electricity. 

Assuming use of a synthesis gas having CO and H 2 , following separation by separator 
1 15, the gas stream containing the H 2 flow can be preferably be directed to a hydrogen fuel 
cell 111, while the CO flow can be preferably directed to a separate carbon monoxide fuel 
cell 1 10. The fuel cells may be a single fuel cell or multiple tuel cells connected in series 
(staged fuelcells). BbtHfuel cells generate power through oxidation of the H 2 and CO :A\ 
provided,' foiimiig water aitd carbon dio^de; respectively. Since both CO and H 2 can be : $ 
elebfrdchfeiaicaliy oxidized by fuel ceils, the invehtibn, the combined cycle system can ; t 
produce an efficiency of up to 40% resulting from solely the direct fuel cell 110 and 111 
conversion of synthesis gas chemical energy to electricity. 

In addition to electricity produced, both fuel cells 110 and 111 generate significant 
quantities of heat from the respective electrochemical oxidation processes. The overall 
system efficiency can be substantially increased through efficient utilization of the "waste 
heat" generated by the fuel cells for cogeneration (combined heat and power). In the 
preferred embodiment of the invention, the combined system cycle uses heat generated by 
the fuel cells to supply heat to reformer 102 and heat exchanger and/or supply heat to power 
a turbine, such as turbine 120, to produce an additional source of electrical power. 

The mixture of steam (and nitrogen, assuming air is used) output by fuel cell 1 1 1 at 
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high temperature is preferably directed to reformer 102, where it can provide heat for the 
reforming process, and then can be directed to heat exchangers 104 and 105 where the 
mixture can release most of its remaining heat The cooled steam (and nitrogen, assuming air 
is used) can then be directed to a condenser-separator 112 where water can be condensed and 
nitrogen can be returned to the atmosphere. Heat produced by the condensation process can 
be used, for example, to preheat air from compressor 106. 

Similarly, hot C0 2 exhaust from fiiel cell 1 10 is also preferably directed to reformer 
102. After reformer 102, exhaust gases from fuel cell 1 10 can be directed to heat exchangers, 
such as heat exchangers 113 and 103, to release most of its remaining heat. The cooled C0 2 
gas can then be directed to a membrane or CFCMS separator 1 17 where the C0 2 can be 
separated from nitrogen (if air is used as the oxygen containing gas for fuel cell 
electrochemical ojddatipn),: the nitrogen released to the atmoisphere, while the C0 2 pmbe ^ftjrf 
preferably released to sequestration^ . ~ i- v v 1 ^ 

In the preferred embodiment of the invention, the fuel cells 1 10 and 11 Lused are: • c • 
solid oxide fuel cells. Solid oxide fiiel cells are essentially all-ceramic power generating v ' 
devices which use air (or oxygen) and fuel flows to generate electricity and heat. Thus, like a 
conventional fuel cell, they produce electric power by an electrochemical reaction, avoiding 
the air pollutants and efficiency losses associated with traditional combustion processes. For 
example, zirconia electrolytes can be used to allow the cells to operate at higher temperatures 
than other fuel cells, producing more energy per unit of fuel and substantially less carbon 
dioxide (a greenhouse gas). Solid oxide fiiel cells do not use boiling liquids or moving parts 
to generate electricity. Accordingly, solid oxide modules can be expected to operate reliably 
for many years. 

Fuel cells, such as solid oxide fiiel cells, provide simple output adjustment. Thus, 
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power systems according to the invention can also provide the capability to adapt quickly to 
changes of external load without a significant decrease in efficiency. Through the convenient 
adjustment of air (or oxygen) and fuel flows, fuel cells can be easily adjusted for changing 
demands for electricity by boosting output when necessary, then cycling down output when 
demand becomes reduced. 

Fuel cpll materials and designs have resulted in the development of solid oxide fuel 
cell configurations with the capability of achieving very high fuel utilization rates. For 
example, up to 90% or more of the fuel fed to solid oxide fuel cell stacks can be utilized. 
However, other fuel cell types, such as molten carbonate, alkaline, PEM or phosphoric acid 
fuel cells can also be used with fuels such as H 2 in the invention. 

The oxygen required for fuel cell operation can be supplied from an oxygen 

;.V<xmt^^ 106,, Alternatively,;/; >,r:>. 

t oxygen-enriched air can be provided. Oxygen enrichm^ can be^achieved through use of . I; ? .c 

be supplied to the fuel cells 110 and 111. The oxygen containing gas can, be preferably . ^ f -,h.- rk 

preheated by a condenser-separator 1 12 and then additionally heated by heat exchanger 113 
before being supplied to fuel cells 110 and 111. 

Even though system 100 uses water in the reforming process, system 100 does not 
require an external source of water because the system 100 is a net water generator. For 
example, a 1 MW system can produce approximately 10 tons of water each day. The water 
produced by the system can be used for a variety of purposes. Approximately one third of the 
water formed in the cycle can preferably be fed to the heat exchanger 109 under high 
pressure with the help of a pump 1 14 before being supplied to reformer 102. Approximately 
two-thirds of the water formed can preferably be provided to consumers or may be safely 
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discarded because it is environmentally safe. 

Depending on the purpose and conditions of application, the proposed basic system 
configuration can be modified to achieve certain improved characteristics. 
Figure 2 illustrates a schematic of a modified combined power system 200 configuration in 
accordance with an embodiment of the invention which can be used to achieve higher 
efficiencies. This embodiment can also result in deeper cleaning of exhausted gases from 
CO, C0 2 and NO x , compared to the basic system configuration illustrated in Fig. 1. 

Referring to Fig. 2, following expansion through turbine 120, the synthesis gas can be 
provided to the separator device 1 15 at a higher pressure compared to the embodiment shown 
in Fig. 1 . For example, this can be accomplished by sacrificing some turbine expansion, 
resulting in a synthesis gas pressure after turbine 120 being higher than the basic embodiment 
: rslw3^in :F%^> -P^^-.^S^-: at sep^atorll5penr^itsa consider^le reduction -m^^^.^ 
^required separator 1 15 (ttmensipns, ^ pf approximately^ ^ 

•• 8§ to,9Q%;qfH 2 fromtihie synthesis gas ^mixture. With thfis cpnfiguratipn, the H 2 fuel cell lli v ,01 
: will operate at a pressiure of approximately 1 atm., I andthe CO fuel cell l r 10 will operate at a; -.*>> 
pressure of approximately 6 atm. 

In this embodiment, air (or oxygen-enriched air or oxygen) flows fed to the respective 
fuel cells are fed from different stages of the compressor 106. Fuel cell 100 receives air (or 
oxygen-enriched air or oxygen) directly from compressor 106, while fuel cell 111 receives 
air (or oxygen-enriched air or oxygen) after passing through condenser-separator 1 12 and 
heat exchanger 113. This configuration advantageously provides additional output power 
derived from the power oftheC0 2 flow after fuel cell 110. Aturbinell9, which can drive 
electric generator 1 18, can also be included in the system 200. 

Two separate flows leave the fuel cell 1 10. The first flow contains the products of 
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oxidizing CO to C0 2 arid part of the air flow used as an oxidizer, and the second flow, 
contains the rest of the fuel cell 1 10 output flow. The first flow can go to turbine 119 under a 
pressure of approximately 6 atm, and then can be directed to heat the working fluid in 
reformer 102. The first flow can then be directed to heat exchangers 1 13 and 103. 

The second flow is mixed with the output flow from fuel cell 111 that contains water, 
unreacted H 2 and air having increased N 2 content. The oxygen in the mixture reacts with 
unreacted hydrogen resulting in nearly full oxidization. Heat released from the oxidation can 
be used for heating the working fluid in reformer 102. 

The first output flow fuel cell 1 10 is moved separately from the output stream from 
fuel cell 111. This permits separator 1 17 to efficiently separate out N 2 from the system for 
atmospheric release and facilitate the capture of C0 2 for sequestration. 

- . Figiire 3 illustrates a schematic of a modified combined power system 300 ^ 

, cpc^guration in accordance t with another embodiment of the invention.that can be used tp^rah^ 
reduce the >; enyfroi^ of the system. One method of re^cing.enykonmeptal'. , -^cp 

: impacj-i^ito the system efficiency..; To ptilize fael moi;e completely^ . m^)^ 

combustion chambers 121 and 122 can be provided to receive the electrochemical oxidation 
products and non-utilized fuel output by the fuel cells 110 and 111, respectively. 
Combustion chambers 121 and 122 can provide a second chance to extract energy from 
unreacted fuel by more fully oxidizing non-utilized fuel output by the fuel cells to produce 
additional heat energy which can be converted into additional electricity. 

In this embodiment, air from compressor 106 at pressure of approximately 6 atm can 
be directed first to the CO fuel cell 1 10 and then to the H 2 fuel cell 1 1 1 . This can result in 
better utilization of oxygen in the air. Alternatively, an oxygen separation membrane (not 
shown) can be used to supply higher oxygen concentrations (rather than air) to one or both of 
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the fuel cells 1 10 and 1 1 1 . This results in better utilization of oxygen in the air. Alternatively, 
oxygen-enriched air or oxygen may provided from external sources (not shown). In that 
event, air separation device based on CFCMSs or solid state ceramic membranes can be used 
(not shown). 

The system shown in Fig. 3 also divides heat output by CO fuel cell 1 10 between 
reformer 102 and turbine 1 19. Turbine 119 receives the output flow from, CO fuel cell 1 10 at 
nearly 6 atm. since reformer 102 and heat exchanger 103 result in little reduction in pressure 
of the output flow. However, reformer 102 and heat exchanger 103 extract significant heat 
from CO fuel cell 110 output flow. Accordingly, turbine 1 1 9 is primarily powered by the 
remaining pressure of the CO fuel cell 110 output flow which reaches turbine 119. 

Figure 4 illustrates a schematic of a modified combined power system configuration 
in accordance with yet another embodiment of the invention which can be used to generate, ; a 

ihi^er -output power wi&^ increasing the size of system components. By placing thegas^ ■...v^.g o 

<■ higher power iesults-by virtually elimina%g-syntiht6sis gas le^ge.toougji the.turbine s^lli^ f v His--.' 
This leakage can significantly reduce system output power. However, with this arrangement, 
the efficiency of the overall system may decrease a small amount. As in Fig. 3, system 400 
also includes combustion chambers 121 and 122 to receive the electrochemical oxidation 
products and non-utilized fuel output by the fuel cells 1 10 and 111, respectively, to utilize 
fuel more completely. 

Use of pure oxygen can increase fuel cell 1 10 and 1 1 1 output power up by 
approximately 20% compared to fuel cells which use air to provide oxygen. Alternatively, 
oxygen rich air may be used by adding separator 123. In that event, separator 123 can 
preferably be CFCMS or solid state ceramic membranes. 
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The systems shown in Figs. 2-4 each divide the heat evolved by fuel cell 1 10 
between the reformer 102 and the turbine 1 19. With this arrangement, the Carnot cycle 
limitation is further weakened as the flow containing CO was not compressed in the 
compressor before. In principle, the efficiency of any use of a fuel cell's heat in a Brayton 
and/or Rankine cycle will be limited by the Carnot cycle efficiency. 

Figure 5 illustrates a schematic configuration of a modified combined power system in 
accordance with yet another embodiment of the invention which provides at least a portion of 
the heat required for the reforming process by a nuclear reactor 124. In this regard, nuclear 
reactor 124 may be a' fission or fusion type reactor. Methane, natural gas or a similar fuel or 
mixture of fuels, is first heated by nuclear reactor 124. Heated fuel can then, at least in part, 
flow to a gas turbine 120, where it can be expanded to produce electrical power; and then be 
directed to reformer 102; Apportion of )the fuel output by nuclear react or 124 can be directly 
provided to reformer 102. As showniby th^dashed line fr^niwle^.rea^torl24 and reforoier 
102, water (steam); can also be heated by nuclear reactor 124;befdre being supplied to reformer 
102. ! ; :- : }k' ^H^v ;j . :>r \ ■ >* riyfe ; ■■: ' f,;l 

Flows of the products of electrochemical oxidation from fuel cells 110 and 111 can be 
directed to additional combustion chambers 121 and 122 and then to gas turbines 125 and 1 19, 
where they can produce additional electrical power by driving electric generators 126 and 118, 
respectively. The power system shown in Fig. 5 has an important advantage over conventional 
nuclear plants as it is allows for the utilization of nuclear reactor generated heat with an 
efficiency of approximately 80-85%, compared to an efficiency of approximately 27-30% 
achieved by conventional steam-turbine nuclear plants. The modification proposed as shown in 
Fig. 5 can be applied both to new combined nuclear/fossil fuel power plants and to redesigned 
operating nuclear power plants so that they may become more energy efficient. 
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Figure 6 illustrates a schematic configuration of a modified combined power system in 
accordance with yet another embodiment of the invention which also provides nuclear reactor 
124 as in Fig. 5, but directs synthesis gas output by reformer 102 to turbine 120 prior to the 
synthesis gas being directed to separator 115. Energy produced by expansion of the synthesis 
gas in turbine 120 can be used to drive air compressor 106 and electric generator 107. This 
configuration may be contrasted to the embodiment shown in Fig. 5, where synthesis gas output 
by reformer 102 is fed directly to separator 115. This configuration can provide an increase in 
system output power, compared with the output power available from the system shown in Fig 
5. While the preferred embodiments of the invention have been illustrated and described, 
it will be clear that the invention is not so limited. Numerous modifications, changes, variations, 
substitutions and equivalents will occur to those skilled in the art without departing from the 
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1. A method for converting fuel energy to electricity, comprising the steps of: 
converting a higher molecular weight gas into at least one lower molecular weight gas; 
supplying at least one of said lower molecular weight gases to at least one turbine to 

produce electricity; 

electrochemically oxidizing at least one of said lower molecular weight gases in fuel cells 
adapted to produce electricity from said lower molecular weight gases. 

2. The method for converting fuel energy to electricity of claim 1, further 
comprising the step of substantially dividing said lower molecular weight gases into at least two 

gas strearro prior*^^ ^#^r^-::r • • * ^l^mv^jc^ 

one separation device is used for said dividing step; said at least one separation device being at, ^ 
least one selected from the group consisting of carbon fiber composite molecular sieves 
(CFCMS) and inorganic membranes. 

4. The method for converting fuel energy to electricity of claim 1, wherein each of 
said lower molecular weight gases are electrochemically oxidized in said fuel cells. 

5. The method for converting fuel energy to electricity of claim 1, wherein said fuel 
cells are solid oxide fuel cells. 
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6. The method for converting fuel energy to electricity of claim 1, further 
comprising the step of directing at least a portion of heat generated by said fuel cells for use in 
said converting step. 

7. The method for converting fuel energy to electricity of claim 1, further 
comprising the step of generating heat from a nuclear reactor. 

8. The method for converting fuel energy to electricity of claim 7, further 
comprising the step of directing at least a portion of heat generated by said nuclear reactor for 
use in said converting step. 

; r 9:v i: 7 rTheSmethbd for: converting fuel energy to electricity ;of:;claim 8, ;-furfh»>y^.^/.^r g: ^^ 
comprising : the steps of heating said higher molecular weight gas using heat generated by said^ ^ ^ 
: nuclear reactor, whereby said lower molecular weight gases are directed to at least one tuAu^^^^j 
after said converting step; : - :: > "\ • v ■■ -n ^ .. ' "! ; ra:v si^b ;; i : :;^ : % ! 

10. A method for converting fuel energy to electricity, comprising the steps of: 
heating a higher molecular weight gas using heat generated by a nuclear reactor; 
directing said higher molecular weight gas to at least one turbine to produce electricity; 
converting said higher molecular weight gas into at least one lower molecular weight gas, 

and 

electrochemically oxidizing at least one of said lower molecular weight gases in fuel cells 
adapted to produce electricity from said lower molecular weight gases. 
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11. A method for converting fuel energy to electricity, comprising the steps of: 
providing a synthesis gas having a plurality of chemical components; 
substantially dividing said synthesis gas into at least two gas streams; and, 
supplying at least one of said gas streams to at least one fuel cell to produce electricity. 

12. The method for converting fuel energy to electricity of claim 11, further 
comprising the step of driving at least one turbine with at least one of said gas streams. 

13. The method for converting fuel energy to electricity of claim 11, wherein said 
step of providing a synthesis gas includes a reforming step. 

x of\ claims 43s further; j % ^^'/ip^ 

comprising the step of generating - * ; t ; < ' / :Vr%^# 

^ 1 5; MPhe method for converting fuel-energy to electricity of claim 14, further comprising ? :k**i" l t > : 
the step of directing least a portion of heat generated by said nuclear reactor for use in said 
reforming step. 

16. The method for converting fuel energy to electricity of claim 1 5, further comprising 
the steps of heating a higher molecular weight gas using heat generated by said nuclear reactor, 
said higher molecular weight gas adapted for providing said synthesis gas, and directing at least 
a portion of said heated higher molecular weight gas for use in said reforming step. 
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17. The method for converting fuel energy to electricity of claim 16, further comprising 
the step of driving at least one turbine with at least one of said gas streams. 



18. The method for converting fuel energy to electricity of claim 15, further 
comprising the steps of heating a higher molecular weight gas using heat generated by a nuclear 
reactor, said higher molecular weight gas adapted for providing said synthesis gas, and directing 
at least a portion of said heated higher molecular weight gas to at least one turbine to produce 
electricity prior to said reforming step. 

1 9. The method for converting fuel energy to electricity of claim 1 3, wherein a gas 
principally containing methane is reformed in said reforming step, whereby CO and H 2 are 
produced^* r ^HV*v* }.\: -ea-. . !J -^ : ^' V '- ' . 

; • i -K'.-< t < :bi^& ?i&hfc h&livsi Xi -A*;- v^k,, _ • . - v -\- . v.-.^.- - 

•■V;-V. 20. ITie method for converting fuel energy to electricity of claim 11, wherein at least 
one separation device is used for said dividing step. •/ . ; ; 4 

21. The method for converting fiiel energy to electricity of claim 20, wherein said at 
least one separation device is at least one selected from the group consisting of carbon fiber 
composite molecular sieves (CFCMS) and inorganic membranes. 

22. The method for converting fuel energy to electricity of claim 11, further 
comprising the step of directing at least a portion of heat generated by said at least one fuel cell 
to a reformer. 



-22- 



WO 02/078109 PCT/US02/08313 

23. The method for converting fuel energy to electricity of claim 11, wherein said 
synthesis gas includes CO and H 2 , wherein said CO is substantially supplied to a fuel cell 
adapted to electrochemically oxidize CO and said H 2 is substantially supplied to a fuel cell 
adapted to electrochemically oxidize H 2 . 

24. The method for converting fuel energy to electricity of claim 1 1 , wherein said 
at least one fuel cell is a solid oxide fuel cell. 

25. The method for converting fuel energy to electricity of claim 23, wherein said CO 
fuel cell and said H 2 fuel cell are solid oxide fuel cells. 

.m^- 26. The method for converting fuel energy to electricity of claim 23,. t wherein CQ 2 > Vr , , : 

- output by said CO fuel cell is used to produce additional energy. .n&M ^rM^M^v: 

\a~ -yr. f - 21. The method forxsonver^ \, >(m 

additional energy is produced by said C0 2 driving a turbine. 

28. The method for converting fuel energy to electricity of claim 1 1 , wherein output 
streams from said at least one fuel cell are supplied to a combustion chamber for oxidation of 
fuel which has not been fully oxidized. 

29. The method for converting fuel energy to electricity of claim 23, wherein air is 
supplied to said fuel cells, said air first being supplied to said CO fuel cell and then to said H 2 
fuel cell. 
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30. The method for converting fuel energy to electricity of claim 23, further comprising 
the step of supplying air to a device for providing oxygen enriched air prior to delivery to said 
fuel cells. 

3 1 . The method for converting fuel energy to electricity of claim 1 1 , wherein said step 
of providing a synthesis gas comprises reforming a hydrocarbon containing gas. 

32. The method for converting fuel energy to electricity of claim 31, wherein said 
hydrocarbon containing gas is at least one selected from the group consisting of methane and 
natural gas. 

: ;; ;Mv'33.v: The method for conv to; electricity of claim 31, , wherein said.; 

-hydrocarbon containing gas is supplied to a reformer at a pressure of at least approximately -8 :* 
atmospheres. ' > 

34. The method for converting fuel energy to electricity of claim 33, wherein said 
pressure is approximately at least 40 atmospheres. 

3 5 . The method for converting fuel energy to electricity of claim 1 1 , wherein at least 
a portion of an output from said at least one fuel cell is directed to a gas turbine. 

36. A system for converting fuel energy to electricity, comprising: 
a reformer for converting a higher molecular weight gas into at least one lower molecular 
weight gas; 
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at least one turbine to produce electricity from expansion of at least one of said lower 
molecular weight gases, and 

at least one fuel cell for electrochemically oxidizing at least one of said lower molecular 
weight gases to produce electricity. 

37. The system for converting fuel energy to electricity of claim 36, further comprising 
at least one separation device for substantially dividing said lower molecular weight gases into 
at least one gas stream prior to said electrochemical oxidization step. 

38. The system for converting fuel energy to electricity of claim 37, wherein said 
at least one separation device being at least one selected from the group consisting of carbon 
fiber^composite molecular sieves (GE.CMS) and inorganiemembranes. ^ < x - v 

.. 39. : : The system for converting fuel energy to electricity of claim 36, wherein each 
of said lower molecular weight gases are electrochemically oxidized in said at least one fuel cell. 

40. The system for converting fuel energy to electricity of claim 36, wherein said at 
least one fuel cell are solid oxide fuel cells. 

41 . Hie system for converting fuel energy to electricity of claim 3 6, further comprising 
a structure for directing at least a portion of heat generated by said at least one fuel cell to said 
reformer. 
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42. The system for converting fuel energy to electricity of claim 36, further comprising 
a nuclear reactor for generating heat. 



43. The system for converting fuel energy to electricity of claim 42, wherein at least a 
portion of heat generated by said nuclear reactor is directing to said reformer. 

44. The system for converting fuel energy to electricity of claim 43, wherein heat 
generated by said nuclear reactor is used to heat said higher molecular weight gas. 

45 . A system for converting fuel energy to electricity, comprising: 
a nuclear reactor for heating a higher molecular weight gas; 

atleastora ?#te 
gas;' • .- ftto*. zi.^s :.:\: •?>:'-• ? <;>-;-■• i- - <• ,~ r . * • • ■-; 

a^refbrmer for converting .said higher molecular weight gas into;- at least one lower v : .< ; ^ 

•molecul^wei^tgas;-aiidi- ^v-K..;.iy-. -^^o-v' v ,v - :;s}r$- .c 

at least one fuel cell for electrochemically oxidizing at least one of said lower molecular 
weight gases to produce electricity. 

46. A system for converting fuel energy to electricity, comprising: 
a device for providing fuel having a plurality of chemical components; 

a separator device for substantially dividing said fuel into at least two gas streams; and, 
at least one fuel cell adapted for electrochemically oxidizing said gas streams. 
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47. The system for converting fuel energy to electricity of claim 46, further comprising 
at least one turbine, wherein said fuel is used to drive said turbine. 



48 . The system for converting fuel energy to electricity of claim 46, wherein said device 
for providing fuel is a reformer. 

49. The system for converting fuel energy to electricity of claim 48, further 
comprising a nuclear reactor for generating heat. 

50. The system for converting fuel energy to electricity of claim 49, wherein at least 
a portion of heat generated by said nuclear reactor is directed for use by said reformer. 

. .t.'^s. "-r4< :;?■• ^^^^^ r ■ v. - ; ' ■ ■ 

51. The system for 'converting fuel ^energy to electricity of claim 50, wherein heat 
generated by said nuclear reactor, is used to heat a higher molecular-weight gas, said higher- 
molecular weightgas adaptedfor providing said fuel. ^ v- r A 

52. The system for converting fuel energy to electricity of claim 51, further comprising 
at least one turbine, wherein said heated higher molecular weight gas is used to drive said 
turbines. 

53. The system for converting fuel energy to electricity of claim 51, further comprising 
at least one turbine, wherein said at least one turbine is driven with at least one of said gas 
streams. 
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54. The system for converting fuel energy to electricity of claim 53, wherein a gas 
principally containing methane is reformed by said reformer, whereby CO and H 2 are produced 



55. The system for converting fuel energy to electricity of claim 46, wherein said 
separator device is at least one selected from the group consisting of carbon fiber composite 
molecular sieves (CFCMS) and inorganic membranes. 

56. The system for converting fuel energy to electricity of claim 48, wherein a 
portion of heat generated by said at least one fuel cell is directed to said reformer. 

57. The system for converting fuel energy to electricity of claim 46, wherein said 
fuel mixture includes CO todH^ wherein said CO is substantially supplied to a fuel cell adapted?; 
to electrocheniically - oxidize CO and; said H 2 is substantially supplied to a fuel cell adapted to , 
eleclrochemically ^oxidizeHivi ^ ; -^v ? ;^-v' ' .• \? ,' ? * 

?; -V \f; T-;.vt ->f:;.-.v^ '• :V'-^. ■ •;■ . :•■ 

58. The system for converting fuel energy to electricity ot claim 46, wherein said 
at least one fuel cell is a solid oxide fuel cell. 

59. The system for converting fuel energy to electricity of claim 57, wherein said CO 
fuel cell and said H 2 fuel cell are solid oxide fuel cells. 

60. The system for converting fuel energy to electricity of claim 57, wherein C0 2 
output by said CO fuel cell is used to produce additional energy. 
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6 1 . The method for converting fuel energy to electricity of claim 60, further comprising 
a turbine, wherein said additional energy is produced by directing said C0 2 to said turbine. 

62. The system for converting fuel energy to electricity of claim 46, further 
comprising a combustion chamber, wherein output streams from said at least one fuel cell are 
supplied to said combustion chamber for oxidation of fuel which has not been fully oxidized. 

63. The system for converting fuel energy to electricity of claim 57, wherein air is 
supplied to said fuel cells, said air first being supplied to said CO fuel cell and then to said H 2 
fuel cell. 

> -v-64. : r Thevsystem:fdr converting fuel energy to electricity of claim 57, wherein air is 
supplied to a device for pro^ prior to delivery to said fuel cells, 

65. ^ The system for converting fuel energy to electricity of claim 48, wherein said 
reformer converts a hydrocarbon containing gas to said fuel. 

66. The system for converting fuel energy to electricity of claim 65, wherein said 
hydrocarbon containing gas is at least one selected from the group consisting of a mixture 
principally being methane gas and natural gas. 

67. The system for converting fuel energy to electricity of claim 48, wherein said 
hydrocarbon containing gas is natural gas, said natural gas supplied to said reformer at a pressure 
of at least approximately 8 atmospheres. 
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68. The system for converting fuel energy to electricity of claim 67, wherein said 
pressure is at least 40 atmospheres. 



69. A system for converting fuel energy to electricity, comprising: 

areformer for converting a higher molecular weight gas into at least one lower molecular 
weight gas, and 

a nuclear reactor for providing at least a portion of heat required by said reformer for said 
converting. 

70. The system for converting fuel energy to electricity of claim 51, further 
comprising at least one fuel cell for electrochemically oxidizing at least one of said lower 

molecular weight gases^ siac - : ^ - * : t r\* .^.^gaos* 
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